Vocal learning is a rare evolutionary trait that evolved independently in three avian clades: 12 songbirds, parrots, and hummingbirds. Although the anatomy and mechanisms of sound 13 production in songbirds are well understood, little is known about the hummingbird's vocal 14 anatomy. We use high-resolution micro-computed tomography (μCT) and microdissection to 15 reveal the three-dimensional structure of the syrinx, the vocal organ of the black jacobin 16 (Florisuga fusca), a phylogenetically basal hummingbird species. We identify three unique 17 features of the black jacobin's syrinx: (i) a shift in the position of the syrinx to the outside of 18 the thoracic cavity and the related loss of the sterno-tracheal muscle, (ii) complex intrinsic 19 musculature, oriented dorso-ventrally, and (iii) ossicles embedded in the medial vibratory 20 membranes. Their syrinx morphology allows vibratory decoupling, precise control of 21 2 complex acoustic parameters, and a large redundant acoustic space that may be key 22 biomechanical factors facilitating the occurrence of vocal production learning. 23
Introduction 28
Vocal learning in birds --the rare ability to acquire new sounds from the environment --29 holds striking parallels with speech acquisition in humans (Marler, 1970) . Vocal learning 30 evolved independently in songbirds (suborder Oscines) (Bottjer et al., 1985; Nottebohm et al., 31 1976 ), parrots (order Psittaciformes) (Jarvis and Mello, 2000) and hummingbirds (family 32 Trochilidae) (Baptista and Schuchmann, 1990 ) due to convergent neurological shifts (Jarvis, 33 2007 ). Thus, the brains of avian vocal learners are uniquely specialized, unlike non-vocal-34 learner species, to perceive, produce and memorize sounds (Gahr, 2000; Nottebohm et al., 35 1976 ; Paton et al., 1981) . However, the pressures underlying this independent convergence 36 remain unknown and attempts to explain the evolution of vocal learning face challenges from 37 the divergences in the life histories of the vocal learners (Jarvis, 2006; Nowicki and Searcy, 38 2014) . 39
Efforts to understand vocal learning have concentrated on the neural processes that 40 modulate vocal output with little regard to the integral part given by the biomechanics of 41 sound production in the vocal organ (Düring and Elemans, 2016) . The vocal organ in birds is 42 the syrinx (Clarke et al., 2016; King, 1989) , an avian novelty optimized for birds' 43 particularly long air tracts (Riede et al., 2019) . The syrinx is located where the trachea 44 bifurcates into the bronchi and is suspended inside the interclavicular air sac (King, 1989) . 45
One or two pairs of vibrating tissues are present; depending on where these tissues are 46 located, the syrinx can be classified as tracheal, tracheobronchial or bronchial (Smolker, 47 1947) . The syrinx musculature is of two basic types: extrinsic musculature, which is attached 48 outside of the syrinx at one end, and intrinsic musculature, which is attached to the syrinx at 49 both ends (Ames, 1971 ; Gaunt and Gaunt, 1985) . While every bird has extrinsic musculature, 50 not all syrinxes have intrinsic musculature (Gaunt and Gaunt, 1985) , which varies among 51 birds (Ames, 1971 ; King, 1989) . For example, gallinaceous species have none, songbird 52 species have from three to five intrinsic muscle pairs (Ames, 1971 ; Gaunt, 1983 ), while 53 parrot species mainly have two (Gaunt, 1983; Nottebohm, 1976) . 54 Syrinx anatomy, in general, is highly variable among and consistent within higher-55 level taxa, to the extent that syrinxes have been used as a taxonomic tool for avian 56 phylogenetic classification (Ames, 1971 ; Düring and Elemans, 2016; Suthers and Zollinger, 57 2008) . Similarities in gross morphology and its implications for vocal production may help us 58 to understand the morphological basis of vocal learning (Elemans et al., 2015; Gaunt, 1983) . 59
Thus, the presence of intrinsic musculature has been hypothesized as a prerequisite and not 60 an adaptation for vocal learning (Gaunt, 1983; Mindlin and Laje, 2006) , that is, all vocal 61 learners should have intrinsic muscles, but not all species that have intrinsic muscles are 62 vocal learners. Unlike extrinsic muscles, which move the syrinx as a unit (Gaunt, 1983 ; 63 Mindlin and Laje, 2006) , intrinsic muscles dissociate the control of tension from the control 64 of amplitude, for example, which in turn affects pitch (Düring et al., 2017; Goller and Riede, 65 2013) . 66
Recent studies indicate that musculature is just one of the variables that define the 67 multi-dimensional parameter space that translates motor commands into vocal output 68 (Amador and Mindlin, 2008; Düring et al., 2017; Düring and Elemans, 2016; Elemans et al., 69 2015) . Many factors, such as syrinx's morphology, physical interaction with the surrounding 70 environment, and neuro-mechanic activity, contribute to the creation of a large acoustic space 71 that is highly redundant (Elemans et al., 2015) . This redundancy allows specific vocal 72 parameters, such as pitch, to be achieved by multiple combinations of, for example, 73 expiratory air pressure and muscle activity (Elemans et al., 2015) . The availability of multiple 74 motor commands for a certain acoustic target may simplify the trial-and-error learning 75 process and is hypothesized as necessary for the development of vocal learning (Elemans et 76 al., 2015) . 77
To approach vocal learning from the biomechanical perspective, the syrinxes of vocal 78 learners need to be systematically compared. Among avian vocal learners, hummingbirds are 79 the most basal taxon and phylogenetic distant from parrots and songbirds (Baptista and 80 Schuchmann, 1990; Gahr, 2000; Jarvis et al., 2000; Prum et al., 2015) , and the only group in 81 which not all species have the ability of vocal learning (Gahr, 2000; Williams and Houtman, 82 2008) . The acoustic features of their vocalizations vary substantially within the group 83 (Ferreira et al., 2006; Ficken et al., 2000) , ranging from simple vocalizations to acoustic 84 performances that are above the known perceptual limits of birds (Duque et al., 2018; Olson 85 et al., 2018) . Currently, we lack a detailed description of the hummingbird syrinx and, 86 therefore, insights into the biomechanics of hummingbirds' peculiar vocalizations. 87
Here we use micro-computed tomography (μCT) and microdissection to resolve the 88 detailed structure of both skeletal elements and vibratory soft tissues of the black jacobin 89 (Florisuga fusca) syrinx. The black jacobin belongs to the clade Topaze (subfamily 90 Topazini), the most basal among hummingbirds (McGuire et al., 2014) . It can vocalize on 91 high F0 with harmonics over the human audible range (Olson et al., 2018) . Our results 92 provide fundamental insights into the biomechanics of sound production in hummingbirds 93 and the anatomical factors driving or facilitating the emergence of vocal learning in birds. 94
95

Results
96
General anatomy of the black jacobin's syrinx 97
The black jacobin has a tracheobronchial syrinx that is located where the trachea bifurcates 98 into the two primary bronchi, approximately 9.4 mm far from the heart and outside of the 99 thoracic cavity. The trachea is a long, funnel-shaped tube that extends along the cervical 100 column whose diameter is reduced to around ¼ of its original size when proximal to the 101 syrinx. From the syrinx on, the bronchi run parallel for about 1.3 mm, separating when inside 102 the thorax. Parts of the trachea and bronchi, and the syrinx, are tightly packed by a multi-103 layered membrane, most likely an evagination of the clavicular air sac membrane (Zusi, 104 2013). 105
106
The syringeal skeleton of the black jacobin 107
The syringeal skeleton of the black jacobin is composed of cartilaginous tracheal rings, a 108 solid tympanum and modified bronchial half-rings, two of which are partially ossified (Fig. 109 1A and 1C). The trachea consists of complete cartilaginous rings (T1 to Tn), each of which is 110 thinner in its dorsal part and wider towards the tympanum. The tympanum is a cylindrical 111 bone likely formed by the fusion of tracheal and bronchial rings; this fusion forms the 112 tympanum in other tracheobronchial syrinxes, for example, that of the zebra finch syrinx 113 (Düring et al., 2013) . Internally, the tympanum body is a relatively uniform tube with an 114 ossified lamella in its caudal part that projects medially into the air passage. Externally, the 115 ventral part of the tympanum body presents a squared expansion that, together with the 116 internal lamella, constitutes the pessulus. The pessulus separates a symmetrical pair of 117 horizontal ridges that delimit medially the two main craniocaudal concavities to which 118 muscles are attached (Fig. 1B) . The U-shaped dorsal part of the tympanum is formed by two 119 solid expansions in each of the lateral caudal edges and a medial concavity that extends 120 horizontally along the entire surface as a muscle attachment site. In the caudomedial part, a 121 pair of rounded bones, the tympanic ossicles (ossicula tympanica), are embedded in an 122 extension of the most medial part of the vibratory tissues ( Fig. 1D) . 123
Caudally to the tympanum, bronchial half-rings (B1 to Bn) extend for around 12.3 124 mm, until reaching the lungs. Only the first two pairs are partially ossified (B1 and B2); the 125 others are cartilaginous. The first pairs (B1 to B3) are highly modified compared to the other 126 bronchial half-rings ( Fig. 1A and 1B caudally among the half-rings B1 to B3 (Fig. 3A) . The LL has 45% of the volume of the ML 166 and is ventrally attached to the pessulus, dorsally to B2 and laterally to the medial part of the 167 B1 (Fig. 3A) . The MVM constitutes a continuous mass of vibratory tissue reduced to 39% in 168 thickness from the cranially located ML to the MTM. The ML is cranioventrally attached to 169 the pessulus and dorsally attached to the half-ring B2. In the craniodorsal part, the ML 170 thickens nearly 5-fold in an extension that embeds the tympanic ossicles and projects to the 171 air passage ( Fig. 3B and 3C ). This extension, which comprises 37% of the total volume of 172 ML and the tympanic ossicles comprise a further 6%, connects to a muscle via a thin 173 ligament such as was reported previously for hummingbirds (Zusi, 2013). The MTM is 174 ventro-dorsally attached to the medial edges of the bronchial half-ring B3. 175 176
Biomechanics of the black jacobin's syrinx 177
To explore potential general mechanisms of adduction, abduction, and stretching of the 178 sound-producing elements, we carefully fixed one-half of the syrinx under a microscope and 179 manually actuated the musculature around the ML in vitro. We identified the mechanism, 180 which in sequential muscle activation, seems responsible for the adduction of the LL and The black jacobin vocalizes with a fundamental frequency (F0) that ranges from 1.8 to 11.8 195 kHz (n = 105 recordings with a total of 1242 motor units, so-called syllables). We identified 196 three types of vocalizations with distinct spectral structure: low-pitched vocalization with an 197 F0 average of 1.8 kHz (± 0.5, n = 66 syllables); click-like chirps with an F0 average of 7.9 198 kHz (± 1, n = 148 syllables); and high-pitched vibratos with an F0 average of 11.8 kHz (± 199 0.4, n = 1028 syllables) ( Fig. 5A ). The black jacobin's syrinx is located outside of the thoracic cavity, in contrast to songbirds 231 and parrots that have their syrinxes inside the thoracic cavity (Ames, 1971 ). Hummingbirds 232 are highly specialized for hovering: unsurprisingly, its flight muscles make up 25 to 30% of 233 its body weight, a ratio that is more than that of any other bird family (Schuchmann, 1999) . 234
The hummingbird's enlarged flight muscles are combined with an enlarged heart, comprising 235 about 2.5% of its body mass. The syrinx location outside of the thoracic cavity potentially 236 alleviates spatial constraints and avoids mechanical disturbances from the enlarged flight or 237 cardiac muscles. Since this syrinx displacement was reported in a few species of derived 238 hummingbird sub-families (Beddard, 1898; Müller, 1878; Zusi, 2013) , its occurrence in the 239 black jacobin indicates a synapomorphy of the family. Such a syrinx location may have 240 allowed the hummingbird to evolve control over its syringeal biomechanics by decoupling 241 them from the harsh environment of internal organs. 242
In songbirds, the decoupling from internal organs is achieved through the sterno-243 tracheal muscle (ST), which is thought to stabilize the syrinx in most birds including the 244 songbirds (Düring and Elemans, 2016; Suthers, 2004; Suthers and Zollinger, 2008) . Black 245 jacobins lack the ST altogether but seem to have further refined syrinx stabilization through 246 tight wrapping of the syrinx in several layers of soft tissue. These layers create a rigid frame, 247 protecting the syrinx from its immediate environment while keeping the syringeal elements 248 inside flexible and maintaining the differential pressure necessary for the onset of sound 249 production (Elemans et al., 2015; Gaunt and Gaunt, 1985) . The most external of these layers 250 might be an evagination of the interclavicular membrane that cranially encloses the syrinx 251 within the interclavicular air sac, which has also been reported in other hummingbird species 252 (Zusi, 2013). 253
In non-passerines, the ST is also involved in sound production. For example in the 254 tracheal syrinx of pigeons, the shortening of the ST brings its cartilages closer together, 255 thereby closing the syringeal lumen (Mindlin and Laje, 2006) . The adduction of the labia is 256 crucial for sound production in general as it allows to build up the phonation threshold 257 pressure (PTP), which is necessary for sound onset (Titze, 1992) . In songbirds, adduction is 258 achieved by intrinsic musculature, rather than ST adduction (Elemans et al., 2015) Similarly, 259 due to the lack of ST muscles, the closing mechanism in black jacobins is operated by 260 intrinsic musculature. 261
The syrinx displacement may also have had implications for muscle orientation. The 262 intrinsic muscles of the black jacobin's syrinx are oriented dorso-ventrally, likely a 263 synapomorphy of hummingbirds, while the intrinsic muscule fibers of most bird taxa run 264 cranio-caudally (King, 1989; Smolker, 1947) . Because all of the black jacobin's intrinsic 265 muscles are ventrally attached to the tympanum, but each of them is dorsally attached to a 266 different point, they run dorso-ventrally on different angles. The general dorso-ventral 267 orientation with differences in angulation might allow the black jacobin to control the mobile 268 syringeal elements despite the lack of lateral stabilization provided by the STs in other taxa. 269
The gradual disposition of the syrinx and accompanied general absence of STs in 270 hummingbirds (Müller, 1878) , might have been one of the driving pressures for the evolution 271 of intrinsic muscles, a key prerequisite of vocal learning. 2013). In particular, the cartilage that connects with the muscle potentially supports a more 288 gradual bending mechanism, which in turn allows uncoupling the control of amplitude and 289 frequency (Düring et al., 2013) . Similarly, this might be the function of the cartilaginous 290 extension in the dorsal part of the ML and its embedded ossicles, the tympanic ossicles, in the 291 black jacobin. This extension is connected by a thin strip of connective tissue to a few muscle 292 fibers of the larger syringeal muscle; given this arrangement, direct muscular control of the 293 extension seems likely. 294
The tympanic ossicles may contribute to achieving the black jacobin's high 295 fundamental frequency: they cause high local density and prevent an entire part of the ML 296 from vibrating at all, thus shortening its length and increasing the fundamental frequency. In 297 other words, the tympanic ossicles could be used as a secondary mechanism to gradually 298 increase ML stiffness and reduce ML length. It is therefore likely that the cartilaginous 299 extension of the ML in the black jacobin both shifted the elastic properties of the ML towards 300 the optimal for high fundamental frequency by increasing ML density towards the muscle 301 attachment site that directly controls ML stiffness, and shortened the vibratory part of the 302 ML. can produce work at cycling limits of approximately 90 Hz to 250 Hz (Rome et al., 1996) . In 313 vitro preparations revealed that the superfast songbird muscles in the syrinx have the 314 potential to function at cycle frequencies as fast as 250 Hz (Elemans et al., 2008) . Although 315 direct electromyographic recordings of the syringeal musculature would be needed to confirm 316 that the black jacobin's vibrato rate of 250 Hz is a direct result of muscular control, this 317 extremely fast performance suggests that the black jacobin's syringeal muscles produce work 318 on the upper limit of the superfast muscle activity reported to date (Elemans et al., 2008) and 319 that black jacobins may have muscle properties comparable to those of songbirds. 320 321
Biomechanics of sound production and implications for vocal learning in hummingbirds 322
Parrots and songbirds, two vocal learners, have a tracheal and a tracheobronchial syrinx, 323 respectively, both with intrinsic musculature (Ames, 1971 controlling accoustic parameters such as pitch. When the brain has multiple, rather than a 338 unique, motor command available to achieve a certain vocal output, a redundant control 339 space may simplify trial-and-error attempts during imitation in the vocal production learning 340 process (Elemans et al., 2015) . Two males were deeply anesthetized with ketamin (15mg/kg) and perfused through a 359 cardiac injection with the following sequence of solutions: 0.5 ml heparin-nautriun 360 anticoagulant, 0.9 saline buffer and 4% paraformaldehyde fixative. After the perfusion, the 361 syrinx was dissected and stored in the fixative for 24 hours and then stored in 0.1 M 362 phosphate-buffered saline (PBS) in solution with 0.05% sodium acid until use. We used both 363 fixed syrinxes for micro-computed tomography, one stained for the visualization of soft 364 tissues and the other without the staining procedure for clear visibility of the ossified 365 structures. Both syrinxes were dissected with a large part of the esophagus and bronchi as 366 close as possible to the beak and lungs, respectively, to access the syrinx structures integrally. The annotation was performed onto the μCT-based syringeal dataset of a black jacobin adult 405 male. We identified the recognized musculature, ossification, cartilaginous pads, and 406 vibratory tissues. The visualization procedures including volume rendering and manual 407 segmentation for surface rendering, and relative quantifications were done with the software 408 Amira 6.1 (Thermo Fisher Scientific, Massachusetts, USA). 409
The syrinx structures were defined by the consensus of the microdissection and the 410 µCT data. The nomenclature was given following the same procedure used in Düring et al. 411 (2013) ( Table 1) . We named the tracheal rings T1 to Tn starting from tympanum and moving 412 toward the larynx. We present a conservative number of intrinsic muscles due to their 413 delineation. We delineated the intrinsic syringeal muscles by aggregating fibers that were 414 oriented at the same angle and defined their differential attachment sites based on both 415 microdissection and the μCT scans. The extrinsic musculature was not traced in the 3D 416 reconstruction due to its undetermined tracheal insertion but is partially shown. The vibratory 417 tissues we found are analogous to those described in Düring et al. (2013) . during the black jacobin's breeding season (Ruschi, 1964) . Black jacobins were observed 426 continuously for one hour a day on the dates mentioned above; observations were made 427 sometime between 6:30 and 11 a.m. for a total of approximately 24 hours. The sampling 428 method was ad libitum (Martin and Bateson, 2007) , according to which the most conspicuous 429 occurrences of the vocal behavior were recorded for the first black jacobin spotted at the 430 feeding point until the individual had left the place. The black jacobins were not individually 431 marked, but the high abundance of the species at the feeding point (Loss and Silva, 2005) and 432 the fact that recordings were obtained over two non-consecutive years make it unlikely that 433 Second, we focused on the most common vocalization of the black jacobin. This 443 vocalization is composed of syllables with continuous and regular fast modulations in 444 fundamental frequency (Olson et al., 2018) . Given the periodicity of these modulations, we 445 classified the syllables as vibratos. Vibrato is a demanding vocal task produced by opera 446 singers and characterized by periodic pitch fluctuation (Sundberg, 1994) . The accuracy of the 447 vocal performance can be quantified in terms of four parameters: rate, extent, regularity, and 448 waveform (Sundberg, 1994) . Here we measured two features of the black jacobin's vibrato: 449 the rate that was measured by the number of oscillations per second and the extent that was 450 the depth of the oscillations. We measured the vibrato based on and adapted from Migita et 451 al. (2010) . All calculations were performed on the platform R 3.5.0 (R Core Team, 2018). For 452 the calculations, syllables were selected from full recordings using the package "WarbleR" 453 (Araya-Salas and Smith-Vidaurre, 2017), then the fundamental frequency contour of each 454 unit was identified with "Seewave" (Sueur et al., 2008) , and crest-trough pairs were detected 455 using a customized R script. The vibrato rate given in Hz was calculated by: 456 457 Where Nct is the total number of crest-trough pairs detected per vocal unit, and T is the total 458 duration of the unit in seconds. 459
The vibrato extent given in Hz was obtained per crest-trough pair by the difference 460 between the frequency of the crest and the frequency of the trough. The values were 461 presented as means (± standard deviation, sample size). 462
We analyzed three high-quality sound recordings and 18 syllables with the highest 463 quality obtained from three black jacobins. These recordings were kindly provided by Olson can be seen. T1 to T5, tracheal rings; TYM, tympanum; B1 to B7, bronchial half-rings and 632 PES, pessulus. 633 per second given in Hz, and the mean extent for each syllable/segment is calculated in kHz. 669
The cross indicates means and arrows the standard deviation. Triangles represent the data 670 points obtained by an example of vibrato produced by a human singer (n = 12 vibrato 671 segments in one song), the squares represent data points for the black jacobin (n = 18 672 syllables from three birds), circles for Eurasian skylark (Alauda arvensis) (n = 11 syllables 673 from two birds). See the Methods for the source of the sound recordings. 674 675 
